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Abstract 
This paper describes problem during water jet cutting with low (different) surface roughness on square workpiece, according to direction of 
abrasive feeding and cutting head moving direction. In this experiment, three types of water jet cutting machine were tested, with different 
types of entrance angle of abrasive in mixing chamber with inclination  from the z – axis (angle) θ = 90˚, 60˚ and 50˚.
Material for test specimens was stainless steel AISI 316L with 20 mm thickness. Cut shape was square with side length 50 mm. Surface 
roughness was measured on three cutting depths: 6 mm, 12 mm and 18 mm. Results of surface roughness measurement for each side of 
specimen were obtained. Also, statistical analysis of scattering was made, in order to determine scattering of values of machined surface. 
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1. Introduction 
During the preparation of specimens for experimental part of dissertation, difference in values of machined surface roughness 
according to abrasive feeding in mixing chamber and cutting head moving direction was noticed. At that moment, because of 
unexpectedness of such roughness measurement results, attention was not payed during the formation of DOE. (Design of 
Experiment) experiment and the process of specimen cutting. The paper presents the results of roughness measurements on 
specimens that were cut on three different water jet cutting machines (Machine "S" Machine "F" and the Machine "TK").
Entrance angle of abrasive in mixing chamber for first machine was θ = 90˚, for second machine entrance angle was θ = 60˚ 
and for third machine entrance angle was θ = 50˚ in relation to z – axes. During the movement of cutting head and adding 
abrasive grains into the mixing chamber, in certain direction high speed water stream and abrasive grains are mixing properly 
(opposite cutting direction and entrance of abrasive grains) [1,2,3,4]. In opposite direction, mixing is not proper, resulting with 
lower quality of machined surface (same cutting direction as entrance of abrasive grains).  
Uneven wear of focusing tube usually is caused when operators working on cutting machine adjust bad. Also, there's 
possibility that uneven wear can be caused by bad mixture of high speed water stream and abrasive grains [5,6]. Effect of 
application of aluminum oxide (Al2O3) as abrasive type is shown in Figure 1.
Problem with mixing abrasive grains with high speed water stream can be easily spotted. Lifespan of focusing tube in this case 
is approximately 25 min. Focusing tube is unevenly worn out on the one side, what means that contact on one side of focusing 
tube with abrasive grains  is more intensive  than on the  another  side. 
The difference in quality depending on the cutting direction was noticed on “Machine TK” and served as an assumption to test 
the influence of cutting direction on two other machines (“Machine F” and “Machine S”). 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Wear of focus tube with abrasive type Al2O3
Nomenclature 
Θ, ˚                  angle between entrance of abrasives in mixing chamber and z axe 
lf , mm           length of focus tube 
df, mm             diameter of focus tube 
do, mm             dimeter of orifice 
ma, g/min         mass flow of abrasive 
vf,, mm/min      feed of cutting head 
2. Experiments 
Plan of the adjustment of cutting head according to direction of moving is shown in Fig. 2. and 3. Process shown in Fig.2 is 
called down milling process, when direction of moving abrasive grains in mixing chamber is opposite to the movement of cutting
head (Conventional milling process). In another case, cutting head and abrasive grains are moving in same direction in mixing 
chamber (Climb milling process). Dimensions of orifice and focusing tube for cutting all of specimens are same: diameter of 
orifice dorif. = 0.33 mm, diameter of focusing tube df. = 1.02 mm, length of focusing tube lf = 76.2 mm [7]. 
Figure 2. Opposite cutting direction and entrance of abrasive Figure 3. Same cutting direction as entrance of abrasive [8]
According to the plan of cutting, dimensions of specimens are: 50 x 50 x 20 mm, material is AISI 316 L (austenitic corrosion 
resistant steel). Direction of first cut was conventional, while direction of second and fourth cut was neutral based on direction of 
cutting head and abrasive grains. In third cut, moving direction of cutting head and abrasive grains are same in mixing chamber 
(Fig.4). It's important to notice that all for sides of specimen were cut with approximately same cutting parameters: pressure in 
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range of 3 500 – 3 700 bar (depending on machine), while cutting speed and mass flow rate of abrasive grains were equal for all 
specimens [9,10,11].   
One of the machines (“Machine TK”) was design for diameter of focus tube df = 0.8 mm, external diameter of tube Df = 6.1 
mm, and it was necessary to extend diameter of mixing chamber on Df = 6.35 mm in order to have equal focus tube for all 
cuttings. During the experiment, “Machine TK” had problem with mixing chamber inlet (inlet plugging), what is sign that mass 
flow rate ma=450 g/min is too big for machine, causing poor quality of machined surface.  “Machine TK” is design for smaller 
mass flow rates such as ma = 300 – 350 g/min. 
 
Figure 4. Plan for cutting workpiece 50X50 mm
For referent speed was chosen cutting speed (vc = 90 mm/min), because it's approximately equal on all machines that have 
been used to obtain rough quality of machined surface. For the purpose of this experiment, as abrasive was used Barton Garnet 
MESH 80 (most common granulation). In case of application (finer) granulation of abrasive, there is possibility that lack of 
kinetic energy achieved in process of cutting would be reason of poor quality of machined surface (for case of same material 
with same thickness, and cutting speed). 
3. Measuring of surface roughness and results
Values of surface roughness of machined surface were measured with portable surface roughness tester Mitutoyo SURFTEST 
SJ 210 (Fig. 5). Measuring parameters are: 
Profile=R,
λc=0,8,
N=4,
λs=8,
M-speed = 0,5 mm/s,
Filter = Gauss
 
 
Figure 5. Surface roughness measuring 
Results of surface roughness measurement at depths of 6 mm, 12 mm and 18 mm, on all four sides of the square are shown in 
table 1. 
Table 1. Measurements of surface roughness at 6 mm, 12 mm and 18 mm. 
Machine Cutting parameters
Surface roughness Ra, Depth 6mm
1 2 3 4
Machine “F” Cutting speed: 90 mm/min; Pressure 3500 bar; 
MESH 80; Abrasiv:450 g/min; Focus: 1,02mm
4,395 3,846 4,232 4,038
4,16 3,494 5,017 4,227
Machine “TK” Cutting speed: 90 mm/min; Pressure 3600 bar; 
MESH 80; Abrasiv:450 g/min; Focus: 1,02mm
6,962 7,957 4,726 4,42
8,584 5,829 5,74 3,925
5,613 8,415 5,208 4,173
Machine “S” Cutting speed: 90 mm/min; Pressure 3700 bar; 
MESH 80; Abrasiv:450 g/min; Focus: 1,02mm
4,17 4,614 4,443 4,189
4,607 4,772 4,389 4,479
4,469 4,002 4,329 4,368
1
24
3
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Machine Cutting parameters
Surface roughness Ra, Depth 12mm
1 2 3 4
Machine “F” Cutting speed: 90 mm/min; Pressure 3500 bar; 
MESH 80; Abrasiv:450 g/min; Focus: 1,02mm
4,822 5,434 6,347 5,316
5,074 6,022 5,536 8,083
Machine “TK” Cutting speed: 90 mm/min; Pressure 3600 bar; 
MESH 80; Abrasiv:450 g/min; Focus: 1,02mm
10,539 13,382 10,136 6,883
17,6 10,439 11,589 8,376
9,864 18,444 10,322 6,355
Machine “S” Cutting speed: 90 mm/min; Pressure 3700 bar; 
MESH 80; Abrasiv:450 g/min; Focus: 1,02mm
4,932 5,511 4,55 5,468
4,721 5,819 6,325 4,619
5,176 5,556 5,833 5,093
Machine Cutting parameters
Surface roughness Ra, Depth 18mm
1 2 3 4
Machine “F” Cutting speed: 90 mm/min; Pressure 3500 bar; 
MESH 80; Abrasiv:450 g/min; Focus: 1,02mm
10,4195 10,4915 13,4415 10,297
14,178 13,997 19,336 18,853
Machine “TK” Cutting speed: 90 mm/min; Pressure 3600 bar; 
MESH 80; Abrasiv:450 g/min; Focus: 1,02mm
20,13 24,563 20,261 20,319
31,86 21,901 21,815 16,662
15,594 27,361 19,106 15,282
Machine “S” Cutting speed: 90 mm/min; Pressure 3700 bar; 
MESH 80; Abrasiv:450 g/min; Focus: 1,02mm
7,391 8,995 9,711 9,537
8,619 8,899 9,82 7,594
8,085 8,03 8,426 7,421
1 2 3 4
Figure 6. Individual images of all four sides of the square cut with "Machine F"
As can be seen from table 1, there are differences in quality of machined surface due to cutting head moving direction and 
direction of abrasive grains into mixing chamber. At smaller cutting depths (for example 6 mm) differences in values of surface 
roughness are practically negligible, what can lead to the conclusion that abrasive grains and high speed stream are not mixing 
properly, in conditions of moving abrasive and cutting head in same direction. On greater cutting depth (12 mm and 18 mm),
differences in values of surface roughness are more expressed. Based on entering angle of abrasive grains into mixing chamber,
best surface roughness can be achieved with entering angle of abrasive grains  θ = 90˚
Figure 7. Workpiece cut with three different machines: Machine “TK”, Machine “F”, Machine “S”
Different qualities of machined surface on three different cutting machines with same cutting parameters are shown in Fig.7.
Based on observing the specimens it can be concluded that best results  of surface roughness and cutting shape accuracy were 
obtained with application  of  ” Machine S ”. Further results were statistically analyzed and graphically displayed (Fig. 8. – 10.). 
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4. Statistical analysis of data
Statistical analysis of obtained data of surface roughness was made with software for statistical analysis Statistica 8. Each 
specimen has been cut three times, (i.e. three replications have been done) which means that in Statistica has been 12 data. 
Exception is ” Machine F ”, with only 2 replications. For statistical analysis Student's  t – distribution has been used, because it is 
intended for statistical analysis with less than 30 measurement (gives correct results).  
Histogram of multiple variables
Machine "F" = 8*0,2*normal(x; 4,1761; 0,4399)
Machine "TK" = 12*0,2*normal(x; 5,9627; 1,6483)
Machine "S" = 12*0,2*normal(x; 4,4026; 0,2136)
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Figure 8. Statistical analysis of data obtained by measuring at cutting depth 6 mm
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Figure 8 shows statistical analysis of data on cutting depth 6 mm. Best mean of all values of machined surface gives “Machine 
F”, but scattering of data is slightly bigger compared to “Machine S”. Machine TK gives worst results (biggest value of surface
roughness), biggest scattering and mean of all data of machined surface. 
Histogram of multiple variables
Machine "F" = 8*0,5*normal(x; 5,8293; 1,0334)
Machine "TK" = 12*0,5*normal(x; 11,1607; 3,7309)
Machine "S" = 12*0,5*normal(x; 5,3003; 0,5475)
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Figure 9. Statistical analysis of data obtained by measuring at cutting depth 12 mm
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Figure 9 and Figure 10 are showing statistical analysis of data for cutting depths 12 mm and 18 mm. From figures can be 
concluded that “Machine S” gives best results of surface roughness, mean and lowest scattering of data. Lowest results of surface 
roughness were achieved with “Machine TK”.   
The probability of obtaining the machined surface with a uniformed surface roughness based on cutting head moving direction 
and abrasive movement direction in the mixing chamber increases with the application “Machine S”. With entering angle of 
abrasive grains θ = 90˚, turbulent behavior of abrasive grains in mixing chamber has been avoided.
Histogram of multiple variables
Machine "F" = 8*1*normal(x; 13,8767; 3,6073)
Machine "TK" = 12*1*normal(x; 22,9045; 8,8912)
Machine "S" = 12*1*normal(x; 8,5059; 0,7788)
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Figure 10. Statistical analysis of data obtained by measuring at cutting depth 18 mm
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5. Conclusion: 
From the data of surface roughness measuring displayed in table and in figures, it can be concluded that there is no significant 
difference in quality of machined surface based on cutting head moving direction and abrasive moving direction in mixing 
chamber because at “Machine F” and “Machine S” the difference is too small to claim that the influence exists, and at “Machine 
TK” dispersion of results is too high to notice the difference. Also, there is difference between cutting machines (in construction 
of inlet of abrasive into mixing chamber.) It is important to notice that “Machine F” and “Machine TK” are in daily use for a 
long time, while “Machine S” is demo machine with around 1000 working hours. Difference in construction are reason maximal 
pressure of 3 700 bar, while “Machine F” and “Machine TK” weren't able to achieve requested pressure. “Machine TK” is 
machine designed and used for lower mass flow rates of abrasive grains. During the experiment, “Machine TK” had problem 
with mixing chamber inlet (inlet plugging), what is sign that  mass flow rate ma=450 g/min is too big for machine, causing poor 
quality of machined surface. “Machine S” has proved to be best machine in this experiment with quality (roughness value) as 
well as with repeatability (results dispersion), with entrance angle of abrasive grains θ = 90˚. Application of that entering corner 
to avoid turbulent behavior of abrasive grains into mixing chamber. Abrasive grains in mixing chamber are performing less self –
rotation, and more translation. When abrasive grains are moving rotationally, more energy is used for their acceleration (i.e. for 
achieving greater kinetic energy), better quality of machined surface and smaller scattering of surface roughness data based on 
cutting head moving direction and abrasive grain movement direction. 
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